ost RNA polymerases contain zinc, yet the precise function of zinc and its influence on polymerases stability are unknown. A recent study provides evidence that zinc levels control the stability of RNA polymerase I in vivo and that the enzyme might serve as a zinc reservoir for other proteins.
The three major eukaryotic RNA polymerases contain zinc. The presence of zinc cations bound to various polymerase subunits was determined by early work describing the purification of eukaryotic RNA polymerases, [1] [2] [3] [4] [5] including RNA polymerase I (RNAP I), the enzyme that produces three of the four rRNAs. These pioneer studies also showed that zinc is required for the activity of various eukaryotic RNA polymerases, as treatment with zinc-specific chelators results in a specific inhibition of the polymerase activity. Other approaches, including zinc blotting experiments, subsequently identified subunits within the RNAP I complex and within other eukaryotic polymerases that bind zinc very tightly 5 . While it was clear from these early studies that zinc is required for eukaryotic RNA polymerases activity in vitro, the influence of zinc on the activity of RNA polymerases in conditions in which organisms grow in the absence of zinc, or with a very limited zinc supply (zinc deficiency) has remained poorly understood. Early work from B. Vallée's group showed that Euglena grown in conditions of zinc deficiency showed only a single peak of RNA polymerase activity, which is likely to correspond to an α amanitin-resistant form of RNA polymerase II (RNAP II). 6 The precise identity of this polymerase, as well as the cellular mechanisms that result in this single peak were never identified to our knowledge. In mammalian cells, work on rat embryos showed that zinc deficiency resulted in a decrease in overall RNA polymerase activity. 7 However, it was not clear from this work which of the RNA polymerase contributed the most to the bulk activity monitored in that assay, and whether each of the three major RNA polymerases was affected individually to the same extent. In the yeast S.cerevisiae, zinc deficiency initiates a transcriptional response mediated by RNAP II that is responsible for the expression of specific genes required to respond to zinc starvation. 8 Multiple studies have shown that the transcriptional activator Zap1p mediates the activation of genes needed for survival in low zinc conditions. [8] [9] [10] However, the transcriptional activities of the other two RNA polymerases were never fully characterized in these conditions. In a recent study, we showed that in addition to the requirement of zinc for RNAP I activity in vitro, zinc deficiency directly affects the stability of the RNAP I complex in vivo by triggering its export from the nucleus and degradation in the vacuole. The mechanisms and biological significance of this downregulation are further discussed below. In a recent study, 11 we showed that in conditions of zinc deficiency, S.cerevisiae RNAP I and some of its associated proteins are downregulated by nuclear export to the vacuole and degradation by vacuolar proteases (Fig. 1) . Vacuolar export and degradation of RNAP I is specific to zinc deficiency, as it is not observed when cells are deprived of other transition metals like iron, or in other stress conditions such as amino acid starvation. In addition, RNAP II is not affected, consistent with numerous studies showing activated transcription by RNAP II of genes involved in the response to zinc deficiency. [8] [9] [10] Surprisingly, some proteins found associated with RNAP I are also degraded in the vacuole, including some rRNA processing factors. This observation suggests that export of the RNAP I subunits occurs within the context of the core RNAP I complex and its associated proteins. 12 Export out of the nucleus requires the general export factor Xpo1p ( Fig. 1) but the detailed mechanisms of the subsequent import of the RNAP I into the vacuole remain poorly understood. Proteins are typically imported in the yeast vacuole (the functional equivalent of mammalian cells lysosome) through autophagy or cytoplasm to vacuole (CVT) targeting pathways. 13 However, mutants deficient in these targeting pathways did not show an inhibition of RNAP I downregulation, suggesting that the import of RNAP I in the vacuole does not require these classical pathways. In addition, vacuolar import of RNAP I does not involve the piecemeal microautophagy of the nucleus (PMN) pathway which has been shown to induce the formation of nuclear-vacuole junctions in stress conditions. 14 Thus the specific molecular mechanisms by which RNAP I is imported to the vacuole after its export out of the nucleus remain to be identified.
Dual Role for Ubiquitination in the Stability of RNA Polymerase I
The mechanism that triggers vacuolar export and degradation of RNAP I provides an interesting perspective on the antagonistic functions of ubiquitination on RNAP I stability. Recent work from Richardson et al. 15 showed that ubiquitination of the large subunit Rpa190p destabilizes RNAP I in normal growth conditions (Fig. 1) , and that inactivation of the Ubp10p ubiquitin protease is sufficient to decrease RNAP I levels, resulting in a decrease in rRNA biogenesis. By contrast, during zinc deficiency, a global deubiquitination of the RNAP I large subunit Rpa190p can be detected. The activity of the Ubp2p and Ubp4p ubiquitin proteases was found to be required for vacuolar export of RNA polymerase I, as inactivation of Ubp2p and Ubp4p results in a stabilization of RNAP I in zinc deficiency and in the inhibition of vacuolar import. This result is consistent with a role for deubiquitination in signaling export out of the nucleus and/ or vacuolar import (Fig. 1) , hinting to a possible role for Ubp2p/Ubp4p in the deubiquitination of Rpa190p that triggers nuclear export. However, it remains to be established whether Ubp2p and/or Ubp4p directly deubiquitinate Rpa190p in zinc deficiency. The suppression of RNAP I degradation in the Ubp2p and Ubp4p mutants could be indirect, as these proteins have a general role in the import of proteins into the vacuole. 16 The apparent contradictory effects of ubiquitination on the stability of RNAP I in normal conditions compared with zinc deficiency could be explained by the presence of multiple, yet functionally distinct ubiquitination sites on the large subunit Rpa190p (Fig. 1) . Ubiquitination Figure 1 . Shown is the equilibrium between ubiquitinated states of the RnA polymerase i complex, and the consequences of these differences in ubiquitination on the stability of the Polymerase i complex. the identity of the ubiquitin proteases that promote the deubiquitination reactions is indicated. Ubi1 and Ubi2 would correspond to the different ubiquitinated states, which would result in RnAP i degradation and nuclear retention, respectively.
at some of these sites would be regulated by Ubp10p 15 and would lead to degradation, presumably by the proteasome system, while ubiquitination at other sites would prevent nuclear export of RNAP I. In addition, it seems likely that the deubiquitination of RNAP I that is promoted by zinc deficiency should result in a complex that is structurally different from the deubiquitinated RNP I that results in its stabilization in normal zinc conditions (Fig. 1) . Thus, a full understanding of how ubiquitination modulates the stability of the RNAP I complex will require characterization of the different ubiquitination sites and their respective functions in promoting RNAP I degradation or nuclear retention.
Has Zinc Binding Evolved in RNA Polymerase I to Serve as a Zinc Reservoir?
Why did S.cerevisiae cells evolve a mechanism to degrade the RNAP I complex during zinc deficiency? The precise function of the downregulation of RNAP I during zinc deficiency is difficult to address experimentally. Transcription of the rDNA by RNAP I uses a massive amount of nucleotides, and the rRNA generated by this transcription is then packaged into ribosomes. Ribosome biogenesis itself is also extremely costly energetically. 17 Thus, at first glance, the downregulation of RNAP I during zinc deficiency might seem to be an austerity response to the limited resources available during zinc deficiency. By downregulating ribosome biogenesis, yeast cells would focus their limited metabolic resources to other functions that are more important for survival in low zinc conditions. However there are easier and less drastic ways to regulate ribosome biogenesis than to degrade the entire RNAP I complex. For instance, many stress conditions are known to downregulate rDNA transcription, usually by modulating the number of RNAP I subunits associated with the transcription factors that drive its association to the rDNA promoter. 18 This mode of regulatory mechanism does not affect the steady-state level of the polymerase, and one of the advantages of this type of regulation is that cells can reinitiate rRNA synthesis quickly when cells are exposed back to normal growth conditions. Thus, it is likely that the downregulation of RNAP I has evolved to serve a different purpose than simply downregulating ribosome biogenesis.
We proposed that the degradation of RNAP I in the vacuole might serve as a means for cells to recover some of the zinc bound to RNAP I subunits, and to redistribute these zinc atoms to other proteins whose functions are strictly required in zinc deficiency. This hypothesis is based on the fact that redistribution of metals from protein to other proteins has been described in conditions of metal deficiency, and also because the vacuole, the organelle where RNAP I is degraded is also the site of storage and redistribution of most metals, including zinc in yeast. 19 Thus, vacuolar degradation of the zinc-binding subunits would allow the recovery of zinc bound to these subunits. Given an estimated number of 5,000 RNAP I molecules per cell, and an estimated number of 10 zinc atoms per complex, degradation of the Pol. I complex might be sufficient to increase globally the cellular zinc concentration by approximately 2.7µM. The hypothesis that RNAP I might constitute a cellular zinc reservoir is supported by the observation that ubiquitin protease mutant strains that impair vacuolar import of RNAP I exhibit a growth defect in zinc-deficient medium. Thus, import of RNAP I to the vacuole seems to provide a selective advantage to cells in conditions of zincdeficiency. Despite this observation, we cannot rule out that the growth defect of these mutants in zinc-deficient medium is due to indirect effects, rather than to the inability to import and degrade RNAP I in the vacuole. The unambiguous demonstration that RNAP I degradation provides a last resort zinc supply to cells starved for zinc would require the characterization of RNAP I subunit mutants that can no longer be imported in the vacuole, yet retain functionality in rDNA transcription. If these mutants result in a specific growth defect in zinc deficiency, they would demonstrate unambiguously that the ability to import RNAP I in the vacuole is important for cellular fitness, likely because of the requirement to recycle the zinc atoms.
Perspective and Future Directions
The discovery that Polymerase I is exported and degraded in the vacuole in conditions of zinc starvation leads to several future directions. Whether this mechanism is unique to yeast or conserved in other eukaryotic cells remains to be determined. Earlier work on rats fed in a zinc deficient diet showing lowered global RNA polymerase activity, 7 and the observation that a single enzyme similar to RNAP II can be detected in Euglena in zinc deficiency 6 suggests that this physiological response might be conserved across eukaryotes. In addition, the identity of the zinc binding sites in the various RNAP I subunits and the potential zinc lability on these sites in conditions of zinc deficiency remain to be established. One can speculate that some of these sites might release zinc very quickly, thus serving as a molecular signal to trigger nuclear export. The characterization of zinc-binding mutants in various RNAP I subunits might reveal the precise functions of specific zinc binding sites in zinc economy. This, however, is complicated by the observation that some of the sites that are presumed to bind zinc do not seem to be involved in zinc binding, but rather are important to promote assembly of the polymerase. 20 Finally it remains to be determined what molecular signal triggers the deubiquitination and export of RNAP I out of the nucleolus during zinc deficiency. Whether a decrease in cellular zinc levels directly influences the activity of the ubiquitin-conjugating enzymes/ deubiquitinases or triggers a cascade that ultimately controls these enzymes remains to be determined. Regardless of the precise mechanisms, the observation that RNAP I stability can be tightly controlled by zinc levels opens the door to possible therapeutic manipulation of Polymerase I stability, as this enzyme has emerged as a potential target for cancer treatment 21 .
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